INTRODUCTION
In recently published workl~4, the electrowinning of zin~ from aqueous chloride sy~tems has b~en considered f~om the p6ints of view of both direct competition with conventional electrowinning from sulphate solutions l and for systems where the zinc ore is not readily amenable to the conventional extraction processes 2 -4 .
To datef the investigators~ave considered conventional electrochemical cell technology. However, the necessity of new plants for a chloride system gives scope for new electrochemical cell_technology to be incorporated from the onset.
The fluidized bed electrode is one alternative possibility for the metal-winning cathode.
The electrolysis of zinc from aqueous zinC chloridesyst~ms offers several possible a~vantages.
Although the decomposition voltage of zinc chloride is marginally greater than that of zinc_ sulphate (standard cell poten~ial of 2~121 volts~ versus 1.992 volts), the overpotentials of the chlorine evolution reactions on suitable anode materials is less than for the equivilent oxygen evolution in sulphate systems~ At higher current densities the voltage, and thus ~he energy expended in the elec~rochemical anode reactions, w{ll tend to be lower in the chloride system. This is of great importance to fluidi~ed bed cathode systems whete the anode is -a planar or mesh type electtode and must necessarily run at very high current densitie~. Aqueous zinc ~ chloride systems offer another advantage for ~inc electrowinning voltage reductions through the solubility and conductivity of the zinc chloride solutions. Zinc chloride is extremely soluble in water 3 -5 (to levels similar to molten salts), allowing solutions to be produced with concentrations and conductivities several times greater than sulphate systems. This can help in reducing the energy consumption due to IR drops in the cell.
Of less significance to fluidized bed electrodes (which operate at lower actual surface current densities), the higher zinc concentrations allow higher current densities to be sustained before concentration polarization becomes significant 3 ,4. Also Fray4 determined that addition of 10 wt% ammonium chloride to a 30 wt% ZnC1 2 solution increased the conductivity by a factor of three.
The evolution of chlorine at the anode results in several
.
cell design problems. Since chlorine is a toxic gas, it must be removed as a gas, or if the temperature is kep~below 9.6 0 C the chlorine forms a hydrate 3 ,4 (C1 2 xH 2 0) an¢ can be removed as a slurry.
If chlorine is evolved as a gas, a membrane separating the anode and cathode compartments is necessary both to prevent back reaction of zinc at the cathode and to facilitate effective gas collection. This criterion is again beneficial to fluidized bed electrode technology where the required membrane would represent no additional complication. The collected chlorine may be considered as a saleable by-product or, more likely, it will be required in the extraction process (e.g. dry chlorination or leaching of ores) to complete the chlorine balance.
Published research suggest that the FBE can be used satisfactorily for the electrowinning of copper 6 -8 , silver 9 , Fluidized bed electrodes were ·found to be more sensitive to impurities than planar electrode systems. solution is a waste product.
In this case a brine
The detrimental eff~cts of impurities on the electrowinning 6f zinc from sulphate systems has been examined by several authors 14 -24 and less extensively for chloride systems l -4 ,25.
The chloride studies suggest there is some similarity between the impurity effects in sulphate and chloride systems. However, as the maximum permissible levels and effects depend on process p~rameters and the electrolyte composition, it is difficult to quantify the results. The chloride investigations were conducted at considerably lower acid concentrations (0.lM) than the sulphate investigations based on industrial solutions (2-3M); thus because of the strong' acid dependence of impurity effects 12 more tolerance to impurities in the chloride system may be expected.
The negative effects of impurities can loosely be divided into three groups: 1. loss of current efficiency, 2. codeposition, and 3. ,deposit ~orphology. Antimoni l ,2,25 which acts as a cathodedepolari'zer was found to affect the current efficiency of zinc electrowinning in chloride systems.
Germanium 2 was also found to have a negative affect on the current efficiency.
There is disagreement between the reported effects of Ni, Cu and·Fel,2,2~. Lead, copper and ·cadmium have been found to codeposit with z~ncl,2. Glues were found to be the most effective additives 2 -4 ;however it is reported 2 that they tend to hydrolyze. Tetiabutyl ammonium chloride and associated species were also found to be effective additives 2 -4 .
In the present study, the current efficiency 
EXPERIMENTAL APPARATUS AND PROCEDURE
The "50 amp" cell used in this investigation was similar to that used in previous investigations (Jiricny9,12, Fig. 1 The catholyte was maintained at a temperature of 17!10C.
-.
Electrolytes were pumped to the cell compartments from the catholyte and anolyte sforage tanks~ Th~ catholyte flow iate determined the bed expansion. The spentliguor from each compartment was returned to the appropriate tank.
Current efficiency for zinc deposition was determined by an indirect method; this consisted of measuring the volume ~f hydiogen evolved during the electrowinning of zinSThe hydrogen burette was connected in an airtight fashion with the catholyte compartment and-storage tank.
Chlorin~ gas was removed from the anolyte compartment by a negative pressure air sparging system with suction provided by a water flow ejector pump (see Fig. 2 ).
The chlorine was absorbed from the outlet stream in a sodium hydroxide scrubbing system. The particles were added to the cathode compartment and pumps were turned on. The catholyte flow rate was then adj~sted to bring the bed expansion to the .desired level. The power supply was turned on and electrolysis commenced. The desired quantity of acid was then added slowly to the catholyte.
The cathode compartment was sealed and the hydrogen evolution was measured indirectly by measuring the volume of water which was displaced from the hydrogen burette. After reaching steady state, measurements of hydrogen evolution were made. The cell current was then adjusted to the next level.
For the impurity and glue experiments the desired quantity of addition was added just prior to measurement. Circulation of catholyte from the tank to the pump and directly back to the tank (see Fig. 2 ) was roughly four times the flovl to the cell, and therefore the impurities were rapidly mixed into the catholyte volume.
EXPERIMENTAL RESULTS AND DISCUSSION
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The prelimin~ry experiments were carried out with catholyte and anolyte compositions similar to those used in the "Zinchlor Process" pilot plant experim~ntsl. Increasing the zinc concentration results in a gradual increase in the current efficiency of zinc electrowinning ( Fig.   3a) . Conversely, iricreasing the acid co~centration results in an increasingly large decline in the current efficiency (Fig. 4a ).
't!-'
For the case of no added acid the current efficiency for zinc ~ electrowinning from a 20 kg/m 3 zinc solution was effectively 100%
for the whole range of current densities examined. For all the other measurements at various acid and zinc concentrations the current efficiency-current density curves are of a similar shape.
The current efficiencies of zinc electrowinning decline at low " ... This is a consequence of the large particulate surface area available for reaction so that the heterogeneous electrochemical reactions are close to equilibrium. Thermodynamically, hydrogen should be evolved, rather than zinc deposited, and the low current efficiency at low current density is therefore to be expected.
As the current is raised the behavior takes on a more kinetic (Fig.' 3a) . This suggests that at The results indicate that increased hydrochloric acid concentration in the anolyte greatly reduces the overall cell voltage, and consequently the energy consumption for zinc production, the reduction being greater at higher current densities.* The relative decreases, however, become smaller with ..
For relatively short experiments (1 hour) the current efficiency of the cathode reaction was unaltered; however, after some time hydrogen ion migration from the anolyte to the catholyte raised the catholyte acidity such that the current efficiencies began to fall. (Fig. 8b) .
This results in a 29% reduction in energy consumption from the similar experiment (Fig. 3a-c (Fig. 8c) .
THE EFFECTS OF IMPURITIES
The experiments examining the effects of impurities on zinc electrowinning were carried out in anolyte and catholyte of 7 kg/m 3 HCl, 30 kg/m 3 zinc and 116 kg/m 3 NaCl. The choice of a slightly acidic solution was to accentuate the deleterious effects of impurity addition~ which are reported 12 to be strongly ac.id d~pendent (in the sulphate system, at least).
The effects of cobalt, nickel, antimony and glue (Swift IV) individually and as combinations on fluidized bed cathode electrowinning of zinc from chloride solutions have been examined ( Fig s. 9 " 10, ·11 a -c) .
It was not the intention to establish the permissible impurity levels, but to compare the results with those of Jiricny and Evans 12 obtained from a sulphate system.
The effects of cobalt, nickel and antimony individually
Nickel and cobalt (singly) at levels up to 10ppm (Fig. 9a) had relatively little effect on the current efficiency of zinc electrowinning. At low current densities, the effect of both impurities was similar. An 8% decline in current efficiency from additive free sblutions was observed at a current density of 3750
A/m2 -a trend which ma~ be expected to worSen at even lower A slight increase in the overall cell voltage (Fig. 10 ) was observed with increasing antimony concentration; a fact probably attributable to increased gas volume in the bed.
The power consumption is increased significantly by a decline in current efficiency of zinc electrowinning.
Consequently the presence of niekel and cobalt at concentrations up to 10 ppm has relatively little effect. on power consumption, whereas the presence of antimony eVen at concentrations of a few ppb results in considerable increases in the power consumption for zinc electrowinning.
The experiments with impurities demonstrate that fluidized bed electrowinning of zinc from chloride systems is considerably less sensitive to impuriti~s than for fluidized bed electrowinning of zinc from sulphate systems. It is believed that it is the differences in acid concentration between the.sulphate l2 (100 kg/m 3 H 2 S0 4 ) and chloride (7 kg/m 3 HC1) systems which is the overwhelming cause of the difference in the fluidized bed electrowinning behavior of the two systems and their relative sensitivities t6 impurities.
For the cbloride case, there is some indication that the effect of impurities on zinc electrowinning is similar for .both the case of fluidized bed and planar electrodes.
The effect of impurity combinations
The effect of· 113 ppm nickel plus 10 ppm cobalt on current efficiency is seen in Figure 9a kwh/kgZn @ 7,500 A/m2, respectively.
The effects of glue
The effects of Swift IV glue alone on the current efficiency of zinc electrowinning is shown in Figure 11 .
The addition of 5 ppm glue resulted in a 5 to 10% increase in current efficiency. The current efficiency was relativelY constant for all the current densities examined.
Further increases in the glue concentration resulted in a gradual decline in the current efficiency such that at 50 ppm glue the current efficiency was lower than that for addition-free **A caution is necessary: the experiments with both glue and metal impurities were carried out by adding the latter to the catholyte tank immediately after expeiim~ntS in which the effects of glUe alone had been measured.
The results may not therefore be the same as for an experiment in which glue and metal impurities are simultaneously introduced into fhe electrolyte. It was found that for chloride systems:
1.
For neutral catholytes the current efficiency of zinc electrowinning was 100% for the whole range of current densities exam ined.
2.
The acid concentration of the catholyte has a strong influence on the current efficiency and power consumption, the current efficiency falling rapidly with increasing acid content.
3.
Increasing the zinc content in the catholyte opposes the effects of increasing the catholye acid content. 6. Nickel and cobalt additions up to 10 ppm had very little effect on the current efficiency of zinc electrowinning.
7.
Antimony was detrimental to the current effici~ncies of zinc electrowinni ng. At 50ppb Sb the current ef~iciency was reduced to 62% at 7,500A/m 2 .
8.
Cobalt, nickel and antimony additioris together produce synergistic declines in current efficiency~ ..
9.
Glue additions of 50 ppm Swift IV produced a great increase in the current efficiency 6f zincelectrowinning in solutions.
containing 50 ppb Sb, 1 ppm Ni and 1 ppm Co.
Po we r con sum p t ion s similarly declined from 10-8.8 to 4to 5.5 kwh/kgZn.
This preliminary experimental study indicates that, even with considerable impurity levels, fluidized bed zinc electrowinning from chloride solutions has energy consumptions . . 
